The precise regulation of microRNA (miRNA) transcription and processing is important for eukaryotic development. Plant miRNAs are first transcribed as stem-loop primary miRNAs (pri-miRNAs) by RNA polymerase II,then cleaved in the nucleus into mature miRNAs by Dicer-like 1 (DCL1). We identified a cycling DOF transcription factor, CDF2, which interacts with DCL1 and regulates the accumulation of a population of miRNAs. CDF2 binds directly to the promoters of some miRNAs and works as a transcription activator or repressor for these miRNA genes. CDF2 binds preferentially to the pri-miRNAs regulated by itself and affects DCL1-mediated processing of these pri-miRNAs. Genetically, CDF2 works in the same pathway as miR156 or miR172 to control flowering. We conclude that CDF2 regulates a group of pri-miRNAs at both the transcriptional and posttranscriptional levels to maintain proper levels of their mature miRNAs to control plant development.
Introduction
The 20-22 nt-long microRNAs (miRNAs) are essential regulators in many biological processes in almost all eukaryotes [1] . miRNAs are processed from stem-loop primary transcripts (pri-
Results and Discussion

CDF2 interacts with DCL1
To identify new components involved in regulation of miRNA biogenesis, we performed a yeast two-hybrid screening for proteins that interact with the two C-terminal dsRBDs of DCL1 (DCL1-RBD, aa , which complement the phenotypes of hyl1 mutant and are important for protein-protein interactions and pri-miRNA bindings [24, 25] . Among the obtained 54 independent prey clones, 15 represented DCL1, which is consistent with the findings of previous studies that DCL1 can interact with itself [24, 25] . Four independent prey clones contained various C-terminal fragments of CDF2. We then examined the interactions between full length of DCL1/HYL1 and CDF2 by yeast two-hybrid assays, the results showed that CDF2 can interact with DCL1 and HYL1 ( Fig 1A) .
We confirmed the interaction between DCL1 and CDF2 using maltose-binding protein (MBP) and glutathione S-transferase (GST) pull-down assays. The purified fusion proteins MBP-CDF2, MBP-DCL1-RBD, GST-CDF2, and GST-DCL1-RBD were clearly observed on a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel stained with coomassie dye (S1 Fig) The GST and MBP proteins were included in parallel assays as negative controls (Fig 1B) . The pull-down results showed that the fusion proteins MBP-DCL1-RBD and GST-DCL1-RBD interact with GST-CDF2 and MBP-CDF2, respectively, whereas no interactions with the controls were observed (Fig 1B) . Co-IP experiments were then performed to confirm the interaction in vivo. Total proteins were extracted from 22-day-old Arabidopsis plants coexpressing hemagglutinin (HA)-labeled CDF2 (pCDF2::CDF2-HA) and yellow fluorescent protein (YFP)-labeled DCL1 (pDCL1:: DCL1-YFP), which were generated by crossing pCDF2::CDF2-HA with pDCL1::DCL1-YFP transgenic lines [26] (S2A-S2D and S5B Figs). For a negative control, the proteins were extracted from the plants co-expressing pCDF2::CDF2-HA/cdf2 and p35S::YFP. These proteins were then incubated with HA-conjugated agarose beads to immunoprecipitate DCL1. DCL1-containing complexes were separated by a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted with anti-green fluorescent protein (GFP) and anti-HA antibodies, respectively. CDF2 was observed to interact with DCL1 ( Fig 1C) .
Bimolecular Fluorescence Complementation (BiFC) assays were performed to further investigate the interaction between CDF2 and components in microprocessor. As shown in Fig 1D, we found that CDF2 interacts with DCL1/HYL1 in nuclear dicing bodies, possibly through the C-terminal fragment of CDF2 (CDF2-C). In contrast, no interactions were observed between CDF2 and DCL1-9, a C-terminal DsRBDs-truncated form of DCL1, or the N-terminal fragment of CDF2 (CDF2-N) and DCL1.
We then determined the fragment of CDF2 which interacts with DCL1 using a yeast twohybrid assay. CDF2 contains an N-terminal Dof domain and a C-terminal fragment of unknown function. The results showed that the C-terminal fragments of CDF2 interacted with DCL1 as strongly as the full-length CDF2 (Fig 1D) , We then narrowed down the fragment that interacts with DCL1, we found that the fragments of CDF2 (aa 361-398, aa 396-457, aa 396-421 and 385-400) failed to bind to DCL1 (S3 Fig), indicating that the interaction between CDF2 and DCL1 was mediated by the C-terminal region (aa 360-436) of CDF2.
The accumulation of a group of miRNAs is affected by CDF2
As CDF2 interacts with the microprocessor DCL1/HYL1, we then investigated if miRNAs are regulated by CDF2. To this end, we applied high-throughput sequencing to analyze the global miRNAs in 22-day-old plants of Col and cdf2, using dcl1-9 mutant as a control. Totally, 114,892,98, 123,492,11 and 130,812,02 reads were obtained from WT, cdf2 and dcl1-9, and 13,233,29 (54.98%), 24,975,74 (75.97%) and 11,882,21 (53.42%) reads, representing 7,275,87, 18,973,61 and 6,346,98 distinct sequences, respectively, matched the Arabidopsis genome. The sequencing data for all known miRNAs were subjected to hierarchical clustering in an unsupervised manner to analyze the extent of differential miRNAs [27] (Figs 2A and S4, S1 and S2  Tables) . At least 1.5-fold changes in the levels were observed for 72 of 195 miRNAs detected in both Col and the cdf2 mutant. Among these, 52 (72%) were significantly downregulated, whereas 20 (28%) were upregulated. The small RNA-seq results were validated by northern blotting of miR156, miR319, miR167, miR172, miR160, miR165, miR170, and miR171 repressed or activated by CDF2, respectively (Figs 2B and S5A). In contrast, almost all of the miRNAs are downregulated in dcl1-9 mutant (S4 Fig, S2 Table) . To minimize the potential effect of different developmental stages between Col and cdf2 mutant on the interpretation of our data, we performed northern blots using inflorescences of Col, cdf2 and pCDF2::CDF2-HA/ cdf2, which was generated by crossing of cdf2 mutant with the pCDF2::CDF2-HA/Col line. We found that the expressional levels of these miRNAs are similar to those in 22-day-old seedlings. In addition, the pCDF2::CDF2-HA/cdf2 line restored the phenotypes and miRNAs levels of cdf2 mutant (S2B and S5B Figs), Taking together, we concluded that CDF2 regulates biogenesis of a population of miRNAs.
CDF2 regulates the transcription of a population of primary miRNAs
To address the molecular mechanism of the effect of CDF2 on miRNA abundance, we first examined the expressional levels of DCL1 and HYL1, the two main components involved in miRNA biogenesis, in cdf2 mutant and CDF2 overexpression lines (S6 Fig) , the result shows that the expression levels of the genes are similar to those in Col. We then analyzed the levels of 19 pri-miRNAs, for which their mature miRNAs show at least 1.5-fold differences (S1 Table) , by quantitative real-time PCR (qRT-PCR) in seedlings of cdf2 mutant and CDF2-overexpressing (p35S::CDF2/Col) lines. As shown in Fig 3A, the relative levels of pri-miRNAs between cdf2 and p35S::CDF2/Col are predominantly opposite for all 19 pri-miRNAs. Some of pri-miRNAs (pri-mi172a and pri-miR394a) are up-regulated, while others down-regulated in cdf2 mutant (Fig 3A) , indicating that CDF2 acts as both a transcriptional activator and repressor, which is similar to other Dof proteins, e.g., maize Dof2 exhibits either activation or repression activities on different promoters [28] ; the barley Dof factor (prolamin-box binding factor) activates the transcription of B-hordein, but represses the transcription of cathepsin B-like protease [29] . The distinct roles of CDF2 in miRNA transcription may be defined by the components forming different transcriptional machinery to be recruited to different promoters.
To determine whether CDF2 binds to the promoters of these miRNA genes or not, we performed a chromatin immunoprecipitation-PCR (ChIP-PCR) assay using GFP antibody-precipitated chromatin from pCDF2::CDF2-YFP transgenic plant (S2A Fig). We focused on the promoters of miRNA genes for which the levels of pri-miRNAs changed in the cdf2 mutant ( Fig 3A, S2 Table) . The promoter fragments of miRNA genes (including miR156a, miR319b, miR160b, miR167b, and miR172b) were amplified from GFP antibody-immunoprecipitated, but not from HA antibody-immunoprecipitated pCDF2::CDF2-YFP/Col samples (Figs 3B, 3C and S2A). Importantly, the promoter fragment of miR164a, which is not regulated by CDF2 (Fig 3A) , was not amplified from GFP antibody-immunoprecipitated pCDF2::CDF2-YFP/Col (Fig 3B and 3C) . In contrast, no apparent enrichment of fragments in Col was observed (Fig 3B) . To further test the effect of cdf2 on the miRNA expression, we used a β-glucuronidase (GUS) reporter gene driven by the promoter of miR172a whose expression is repressed by CDF2 (Fig 3A) . This system was previously used to determine the function of DDL, CDC5, and NOT2 in the regulation of miR gene transcription [3, 19, 20] . We crossed cdf2 with transgenic plants containing pmiR172a::GUS. In the second (F2) generation, we obtained CDF2/ CDF2, CDF2/cdf2 and cdf2/cdf2 genotypes containing pMIR172a::GUS. GUS was markedly increased in cdf2/cdf2 compared to that in CDF2+ plants (Fig 3D and 3E) . Quantitative RT-PCR analysis indicated that the GUS mRNA levels in cdf2 mutant were increased at different developmental stages (Fig 3F) . Together, we conclude that CDF2 regulates the transcription of a group of miRNA genes.
CDF2 affects the post-transcriptional processing of a subset of primary miRNAs
To investigate the biological role of the interaction between CDF2 and DCL1 in miRNA biogenesis, we performed RNA competitive electrophoretic mobility shift assays to test whether CDF2 affects the well-known binding activity of DCL1-RBD to pri-miRNAs. The reactions were performed using a fixed DCL1-RBD concentration and increasing amounts of CDF2. Interestingly, similar to DCL1-RBD (Figs 4A, lane1, and S7A-S7D, lane1), CDF2 was also observed to bind to pri-miR167b (Figs 4A, lane2, and S7A-S7D, lane2), and the binding ability of DCL1-RBD to the pri-miRNA decreased as the concentration of CDF2 increased (Figs 4A and S7A-S7D, lane 3-7), indicating that the interaction between CDF2 and DCL1-RBD affects the binding of DCL1-RBD to the pri-miRNA in vitro. In addition, we also found that the binding of CDF2 to pri-miRNAs was mainly mediated by its C-terminal fragment (S7E Fig). To test the pri-miRNA binding of CDF2 in vivo, an RNA immunoprecipitation assay was performed. Using a GFP antibody, we immunoprecipitated CDF2-YFP and DCL1-YFP complexes from the 22-day-old seedlings of pCDF2::CDF2-YFP/Col (S2A Fig), pDCL1::DCL1-YFP/Col, pDCL1::DCL1-YFP/cdf2, and pDCL1::DCL1-YFP/Col X p35S::CDF2-HA/Col line which was generated by crossing pDCL1::DCL1-YFP with p35S::CDF2-HA transgenic lines, using Col as a negative control of plants. In parallel, an IgG antibody-immunoprecipitated samples from these lines were used as a negative control of the antibody. Interestingly, the immunoprecipitated CDF2-YFP complex (S8 Fig) contains pri-miR156a, pri-miR172b, pri-miR319b, and primiR167b, which have altered levels in the cdf2 mutant, but not pri-miR164a, which showed no change in cdf2 mutant (Fig 4B, S1 Table) . In contrast, DCL1 was able to bind to all 5 pri-miRNAs examined (Fig 4B) . The bindings of the DCL1 to pri-miRNAs increase in the pDCL1:: DCL1-YFP/cdf2 and decrease in the line of pDCL1::DCL1-YFP/Col X p35S::CDF2-HA/Col. These results suggested that CDF2 binds mainly to the CDF2-regulated pri-miRNAs in vivo, possibly due to that CDF2 has more accessibility to these pri-miRNAs transcribed with the aid of the transcription complex containing CDF2, this was supported by a recent report that transcription and processing of primary microRNAs are coupled by Elongator complex [30] , resulting in that CDF2 only affects the processing of a subset of pri-miRNAs.
We also compared the the levels of steady-state pri-miRNAs among Col, hyl1, cdf2 and hyl1/cdf2 mutants ( S9 Fig). Interestingly, for pri-miR164 which was not affected by CDF2 at both transcriptional and post-transcriptional levels, the amount of pri-miR164 in hyl1 is similar to that in hyl1/cdf2. Other pri-miRNAs were regulated by HYL1 and CDF2 in different degrees ( S9 Fig) .
As CDF2 interacts with DCL1, and affects the binding of DCL1 to pri-miRNAs (Figs 4A and S7A-S7D), we then evaluated the role of CDF2 in DCL1-mediated miRNA processing in vivo. To this end, we compared the accumulation levels of five miRNAs, including miR156, miR167, miR319, and miR172 which are regulated by CDF2, and miR164 which is not regulated by CDF2, in Col, cdf2, p35S::CDF2-YFP/Col (S10A Fig) , and dcl1-9 lines. We found that the accumulation levels of miR156, miR167, miR319, and miR172 in p35S::CDF2-YFP/Col were significantly lower than that in cdf2 mutant and Col lines (Fig 5A) . In contrast, miR164 accumulation level in the p35S::CDF2-YFP/Col line is similar to that in Col, possibly due to that CDF2 does not bind to miRNA164 in vivo which is not regulated at the transcriptional level by CDF2 (Fig 4B) . We also observed that the levels of CDF2 and miRNAs in plants expressing CDF2-YFP under the control of its endogenous promoter (pCDF2::CDF2-YFP/Col) were very similar to those in Col (S10A and S10B Fig) .
As CDF2 can affect the accumulation of miRNAs at both the transcriptional and post-transcriptional levels, to further test if CDF2 affects the post-transcriptional processing of pri-miRNAs or not, we crossed the transgenic lines of p35S::miR156/Col and p35S::miR172/Col with the cdf2 mutant, then compared the accumulation levels of miRNA156 in p35S::miR156/Col and p35S::miR156/cdf2 plants by northern blot (the miR156 transcripts were similar to each other in these two lines as shown in S11 Fig) , and found that the accumulation level of miR156 is lower in p35S::miR156/Col than that in p35S::miR156/cdf2 (Fig 5B) . We also compared the levels of miRNA172 in p35S::miR172/Col and p35S::miR172/cdf2 (the miR172 transcripts were similar to each other in these two lines as shown in S11 Fig) , the results showed that the miR172 level is lower in p35S::miR172/Col than that in p35S::miR172/cdf2 (Fig 5B) , suggesting that CDF2 suppresses the post-transcriptional processing of miRNAs, possibly because CDF2 binds to these pri-miRNAs regulated by itself at transcriptional level (Fig 4B) , and CDF2 interacts with DCL1/HYL1 which might sequester DCL1/HYL1, resulting in decreased miRNA processing by the DCL1/HYL1 microprocessor. In animals, several factors were found to inhibit the activities of Drosha and Dicer, including ADAR (adenosine deaminase acting on RNA) enzymes that participate in adenosine-to-inosine (A-to-I) RNA editing to prevent effective processing of specific pri-miRNAs by Drosha [31] ; estrogen-bound estrogen receptor alpha, which associates with the Drosha complex and prevents the conversion of pri-miRNAs to premiRNAs [32] ; LIN28, which blocks the accumulation of mature miRNAs by repression of both Drosha and Dicer activities [33, 34, 35] ; and TUT4, which is recruited by Lin28 to specific primiRNAs, leading to 3 0 terminal uridylation and degradation of pri-miRNAs [36, 37] . MeCP2 suppresses miRNA processing by binding to the RNA-binding domains of human DGCR8 [21] . We then investigated the effect of CDF2 on the expressions of components involved in miRNA processing. As shown in S12 Fig, compared to those in wild type, the expressions of SE, MOS2, CDC5, TOUGH, DDL, NOT2 and CPL1 are down-regulated in cdf2 mutant and upregulated in the CDF2 overexpression line, while the effect of CDF2 on the expression of HYL1 and DCL1 is not obviously. The result implicated that CDF2 might regulate biogenesis of miRNAs indirectly by regulating the expressions of miRNA processing proteins in addition to its direct roles in transcriptional and post-transcription regulations of pri-miRNAs. Similarly, Cho et al. [39] found that the immensely accumulated DCL1 level in hyl1-2 and se-1 mutants, and the increased level of SE in hyl1-2 mutant. It is of interest to investigate the potential feedback regulatory network among components involved in miRNA biogenesis.
CDF2 plays a role in flowering through a pathway same as miR156/ miR172
Several CDF2-regulated miRNAs are involved in flowering, including miR156, miR160, miR167, miR172, miR165/miR166, and miR319 [38] , we investigated if miRNAs contribute to the earlier flowering phenotype of cdf2 mutant [11] . We focused on miR156 and miR172, two widely studied miRNAs [40] (S1 Table) . It was reported that miR156 mutant line flowers earlier and miR172 mutant flowers later [38, 41] , in accordance to the early flowering phenotype of the cdf2 mutant in which the level of miR156 decreases (S1 Table) and its target squamosa promoter binding protein-like (SPL) proteins increase (S13A Fig) , whereas miR172 increases (S1 Table) and its target AP2 decreases in cdf2 (S13B Fig) [42,43] , supporting a role of CDF2 in miRNA regulation. We then first investigated the genetic relationship between CDF2 and miR156. To this end, we generated miR156a/miR156c/cdf2 triple mutant and found that the flowering time of this triple mutant flowered not earlier than either cdf2 or miR156a/ miR156c lines (Fig 6A, 6C and 6D ), suggesting that CDF2 and miR156 regulate flowering through the same pathway. In addition, miR156 overexpression in cdf2 mutant showed the same late flowering phenotype as miR156 overexpression in Col (Figs 6A, 6C, 6D, S10 and S13A), indicating that miR156 acts genetically downstream of CDF2 to regulate flowering. Next, we overexpressed miR172 in cdf2 mutant and found that this overexpression line (p35S::miR172/cdf2) did not display earlier flowering phenotype than cdf2 mutant or miR172 overexpressed line in Col (Figs 6B-6D, S10 and S13B), suggesting that cdf2 and miR172 regulate flowering through the same signaling pathway. Together, these results indicated the role of CDF2 in miR156 activation and miR172 suppression which participate in the flowering time control. We next generated cdf2/hyl1 double mutants, we found that the flowering of cdf2/hyl1-2 plants was similar Roles of CDF2 in MicroRNA Biogenesis to the hyl1-2 single mutant [11, 44] (S14A-S14C Fig), suggesting that CDF2 and HYL1 regulate flowering through the same pathway. CDF2 was reported to be a transcriptional repressor of constans (CO) to control flowering, our results thus revealed a new pathway for regulating the flowering through CDF2 and miRNAs which might be independent of CO.
In summary, we have revealed the previously unknown roles of CDF2 in the transcriptional and post-transcriptional regulation of a subset of pri-miRNAs. At the transcriptional level, CDF2 works as a transcription activator or repressor to regulate the transcription of a group of miRNA genes. We also found that CDF2 interacts with DCL1 and preferentially binds to the pri-miRNAs regulated transcriptionally by itself in vivo, which might affect the binding of DCL1 to pri-miRNAs or sequester the microprocessor DCL1/HYL1, resulting in the influence on pri-miRNA processing. By transcriptional and post-transcriptional regulation of a group pri-miRNAs, CDF2 may precisely regulate a population of miRNAs to maintain proper development of the plants through the coordination of transcription and processing of a group of pri-miRNAs. In addition, CDF2 was found to regulate the expressions of components involved in miRNA biogenesis, therefore it may affect miRNA biogenesis through regulating the levels of these components. CDF2 was known to interact with blue light photoreceptor LKP2 and FKF1 and contribute to blue light signaling [18] , it is therefore particularly interesting to study the roles of miRNAs in light signaling pathways which was implicated in a recent study showing that the E3 ligase COP1 essential for light signaling stabilizes HYL1 to retain miRNA biogenesis [39] .
Materials and Methods
Plant materials
Arabidopsis thaliana (ecotype Col-0), hyl1-2 (Salk_064863) [44] , dcl1-9 [45, 46] , pDCL1-DCL1-YFP/dcl1-9 [27], cdf2 [11] , miR156a/miR156c [41] mutants, miR156 and miR172 overexpression lines [41] were used. All plants were grown in soil or Murashige and Skoog (MS) medium at 16 hr light/8 hr dark photoperiod.
Constructs and transgenic plants
The cDNAs of CDF2 and DCL1 were cloned into pCambia1301 with an YFP epitope tag [27] and confirmed by sequencing. All binary vectors were introduced into Agrobacterium tumefaciens (GV3101) by electroporation. The floral dip method was used to transform the plants [47] , and transgenic plants were selected on hygromycin (50mg/L). Transgenic lines with a single T-DNA insertion were selected according to the segregation ratio in the progeny of these transformants, and homozygous stocks were established from these lines. At least 15 T2 independent lines were analyzed for each construct.
Yeast two-hybrid screen
The Arabidopsis cDNA library cloned in the prey vector pDEST22 was kindly provided by Dr. Jirong Huang. The two C-terminal double strand RNA binding domains of Arabidopsis DCL1 [48] were PCR-amplified and subcloned to the pDEST32 plasmid. Yeast transformation and library screening were performed according to the Pro-Quest Two-Hybrid System Manual (Matchmaker user's manual, Invitrogen). Approximately 1.9 × 10 6 yeast clones were screened on SC/-Leu-Trp-His medium with 5 mM 3-amino-1, 2, 4-triazole (3-AT). The β-galactosidase activity was analyzed in yeast strain MaV203, and the positive candidates were selected for sequencing.
In yeast two hybrid assays, different lengths of CDF2 C-terminal fragments were PCRamplified and subcloned to the pDEST32 plasmid. The size of C1 fragment was 267 aa (from aa 189 to aa 457), C2 fragment was 177 aa (from aa 280 to aa 457), C3 fragment was 97 aa (from aa 360 to aa 457), C4 fragment was 75 aa (from aa 361 to aa 436), C5 fragment was 37 aa (from aa 361 to aa 398), C6 fragment was 61 aa (from aa 396 to aa 457), C7 fragment was 25 aa (from aa 396 to aa 421), and C8 fragment was 15 aa (from aa 385 to aa 400). Yeast co-transformation was performed according to the Pro-Quest Two-Hybrid System Manual (Matchmaker user's manual, Invitrogen).
Maltose-binding protein (MBP) and glutathione S-transferase (GST) pulldown assays
MBP-CDF2, MBP-DCL1-RBD and MBP were expressed in E. coli BL21 (DE3) and purified according to the manufacturer's protocol (New England Biolabs). Glutathione-agarose 4B (Peptron) beads were used to purify GST-CDF2, GST-DCL1-RBD and GST. The partially purified recombinant GST and MBP fusion proteins were bounded to glutathione-agarose beads and amylose resin respectively, MBP-DCL1-RBD was incubated with the GST-CDF2 captured by glutathione sepharose beads, whereas GST-DCL1-RBD was incubated with the MBP-CDF2 bound to amylose resin. The GST and MBP proteins were performed in parallel assays as negative controls, mixed with total protein extracts in 1mL pull-down buffer (40 mM HEPES-KOH, pH 7.5, 10 mM KCl, 3 mM MgCl2, 0.4 M sucrose, 1 mM EDTA, 1 mM DTT, and 0.2% Triton X-100), and then incubated at 4°C for 1 h with agitation [49] . The beads were washed four times with the binding buffer. Proteins were eluted and further analyzed by immunoblotting using appropriate antibodies.
Coimmunoprecipitation (Co-IP) assay
Plants coexpressing hemagglutinin (HA)-labeled CDF2 (pCDF2::CDF2-HA) and yellow fluorescent protein (YFP)-labeled DCL1 (pDCL1::DCL1-YFP) were generated by crossing pDCL1:: DCL1-YFP/dcl1-9 [26] with pCDF2::CDF2-HA/cdf2 which was obtained by crossing pCDF2:: CDF2-HA/Col with cdf2 mutant. For a control, plants co-expressing pCDF2::CDF2-HA/cdf2 and p35S::YFP were generated by transforming the pCDF2::CDF2-HA/cdf2 line with the p35:: YFP construct. The homozygous lines were grown in soil for 22 days, then seedlings were ground in liquid nitrogen and homogenized in three volumes of extraction buffer (50 mM Tris-HCl at pH 8.0, 150 mM NaCl, 0.5% TritonX-100, 0.2% 2-mercaptoethanol, 5% glycerol) containing complete proteinase inhibitor cocktail (Roche) using a mortar and pestle set [50] . Cell debris was pellet by centrifugation for 10 min at 15,000 rpm. The Co-IP experiments were performed using HA Tag IP/Co-IP Kit according to the manufacturer's protocol (Thermo Pierce). Briefly, the mixed lysate was incubated with anti-HA agarose for 4 h to overnight in each spin column. The columns were washed five times with TBS plus 0.05% Tween-20 detergent (TBS-T), and resolved by SDS/PAGE. Anti-GFP (Sigma) and anti-HA (Cell signaling technology) antibodies were used to detect DCL1-YFP and CDF2-HA, respectively.
Bimolecular Fluorescence Complementation (BiFC)
BiFC assays were perfomed as previously described [24] . The coding sequence of CDF2, DCL1, HYL1, DCL1-9 [24] , the N-terminal fragment of CDF2 (CDF2-N, from aa 1 to 279), and the C-terminal fragment of CDF2 (CDF2-C, from aa 280 to 457) were subcloned into pCambia1301 vectors with a YFPN or YFPC tag [24] and confirmed by sequencing. Primers used to amplify these genes are listed in S3 Table. Paired YFPN and YFPC-tagged plasmids were coexpressed in tobacco leaves. 48 hours after co-inoculation, BiFC signals were visualized with a DeltaVision PersonalDV system (Applied Precision) using an Olympus UPLANAPO waterimmersion objective lens (60×/1.20 numerical aperture).
Real-time quantitative PCR
Total RNA was extracted from Arabidopsis seedlings using Trizol. The first strand cDNA was generated from the total RNA (5 μg) using M-MLV reverse transcriptase (Promega) and used as the template for subsequent PCR. The real-time quantitative PCR (RT-qPCR) for examination of pri-miRNAs expression was carried out with a BIO-RAD CFXTM Real-Time System. The actin gene was used as internal control for normalization of the template cDNA. Each PCR was repeated at least three times. The PCR thermal cycles were as follows: an initial denature step consisting of 2 min at 50°C and 10 min at 95°C, followed by 45 cycles of 30 s at 94°C, 30 s at 52°C and 18 s at 72°C, and an additional cycle of 15 s at 95°C, 15 s at 60°C and 15 s at 95°C for melting curve analysis [51] . The data were analyzed with a Bio-Rad iCycler iQ RealTime Detection System. The relative expressions of pri-miRNAs was calculated using the relative 2 -ΔΔCt method [52] and the error bars indicate SD (n = 3).
Chromatin immunoprecipitation (ChIP)
The ChIP experiments were performed as described [53] using 22-day-old seedlings. pCDF:: CDF2-YFP transgenic seedlings were harvested in cross-linking buffer (0.4M sucrose, 10mM Tris-HCL(pH8.0), 1mM PMSF, ImM EDTA, 1% formaldehyde) for 10 min using vacuum infiltration and then stopped in 2M glycine. After chromatin shearing, 5-μg anti-GFP antibody (Sigma, G6495) was added to the samples and incubated at 4°C overnight, then washed and eluted the beads with the lysis buffer (0.1M NaHCO 3 , 1%SDS). After reversing the cross-linking, DNA was precipitated using ethanol, and resuspended in 50 ul water. The amounts of the immunoprecipitated genomic DNA were used for PCR and quantified by real-time PCR, actin gene is used as internal control. Primers used to amplify the promoters of some miRgenes are specified in S3 Table. Small RNA gel blot Small RNAs were isolated from seedlings of 22-day-old plants or inflorescences using mirVana™miRNA Isolation Kit (Ambion, AM1561). Three micrograms of small RNAs were separated on a 15% polyacrylamide gel with 8 M urea and transferred to a nylon transfer membrane (GE Healthcare). The antisense oligonucletides (S3 Table) were synthesized and 3'end-labeled with biotin. Hybridization was performed overnight in hybridization buffer (Ambion, AM8663) at 42°C. A probe complementary to U6 (5'CATCCTTGCGCAGGGGCCA 3') was used as a loading control.
Histochemical GUS staining
GUS staining was performed according to the standard procedure [54] with a modified buffer (1 mg/mL 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid cyclohexylammonium salt, 50 mM sodium phosphate, pH 7.0, 0.1% Triton X-100, 2 mM potassium ferrocyanide, 2 mM potassium ferricyanide, and 10 mM EDTA). Plant tissues were incubated in the buffer at 37°C in the dark overnight, then cleared with 75% ethanol, followed by observation [19] .
RNA electrophoretic mobility shift assay (RNA EMSA)
Pri-miR167b fragment was amplified from Col plant cDNAs using specific primers with a T7 promoter sequence fused to the 5' terminal of the forward primers (S3 Table) . The PCR products were then used as templates for in vitro transcription (Megascript; Ambion), then make biotin labeled or unlabeled RNA transcripts using RNA 3' End Biotinylation Kit (Thermo Pierce). Using LightShift Chemiluminescent RNA EMSA Kit (Thermo Pierce) according to manufactory's protocol RNA EMSA assays were performed in a 20-μl reaction buffer containing 5% glycerol, 2ug tRNA and 1 nM of labeled pri-miR167b transcripts and purified recombinant proteins, including CDF2, DCL1-RBD, HYL1, CDF2-N (from aa 1 to 279) and CDF2-C (from aa 280 to 457). The mixtures were incubated on ice for 30 min and then fractioned on a 6% native polyacrylamide gel in 1x TBE buffer for about 60 min. The gels were transferred to a nylon membrane (GE Healthcare) and then the biotin-labeled RNAs were detected by Chemiluminescence (Thermo Pierce) [10] .
In the assay of examining the competition ability of CDF2 with DCL1 in their binding to pri-miRNA167 ( Figs 4A and S7A-S7D) , recombinant proteins and biotin-labeled 1nM primiR167b which were added in all lanes, unlabeled pri-miR167b was added in lane 8-10. Lane 1, 5μg DCL1-RBD; lane 2, 5μg CDF2; lane 3, 5μg DCL1-RBD+ 1μg CDF2; lane 4, 5μg DCL1-RBD+ 2μg CDF2; lane 5, 5μg DCL1-RBD+ 3μg CDF2; lane 6, 5μg DCL1-RBD+ 4μg CDF2; lane 7, 5μg DCL1-RBD+ 5μg CDF2; lane 8, 5μg DCL1-RBD+ 2μM unlabled primiR167b; lane 9, 5μg DCL1-RBD+ 1μM unlabeled pri-miR167b; lane 10, 5μg DCL1-RBD+ 0.5μM unlabeled pri-miR167b.
In the assay to examine the roles of CDF2 and DCL1-RBD in their bindings to primiRNA167 (S7E 
Small RNA deep sequencing
Small RNAs were isolated from seedlings of 22-day-old plants using mirVana miRNA Isolation Kit (Ambion, AM1561). Small RNA libraries were prepared and sequenced by Illumina Solexa high-throughput sequencing. The small RNA reads were trimmed for adaptor sequence using Perl scripts and mapped to miRNA hairpin sequences downloaded from mirRBase version 15.0 using the Bowtie program [55] . The total numbers of perfectly aligned reads were used for normalization. After removing the linker sequence, reads were aligned to the miRNA database (version 16) [56] to identify and assess the abundance of known miRNAs. The sequencing data for all known miRNAs were subjected to hierarchical clustering in an unsupervised manner to analyze the extent of differential miRNA expression.
RNA immunoprecipitation (RIP) assay
The RIP assay was performed as described [57] with some modifications. Briefly, 5 to 10 g of 22-day-old plants of pCDF2::CDF2-YFP/Col, pDCL1::DCL1-YFP/Col (as a positive control), pDCL1::DCL1-YFP/cdf2, and pDCL1::DCL1-YFP/Col crossed by p35S::CDF2-HA, wild-type (as a negative control) plants were fixed. After sonication. the total soluble nuclear proteins were extracted. A portion of each nuclear extract was immunoprecipitated with the RNA-Binding Protein Immunoprecipitation Kit according to the manufacturer's protocol (Millipore), using Anti-GFP (Sigma) antibody-coupled magnetic A/G beads or IgG coupled magnetic protein A/ G beads. 100μl of each nuclear protein was stored at -70°C for input preparation. RNAs were extracted from the immunoprecipitated products and each input. The resulting cDNAs from these RNAs were used for RT-PCR analysis, actin gene is used as an internal control. Table. The accumulation levels of miRNAs changed more than 1.5 fold in cdf2 mutant.
S2 Table. The accumulation levels of miRNAs changed more than 1.5 fold in dcl1-9 mutant (DOC) S3 
